Abstract: This paper describes a study of the effect of partial replacement of ordinary Portland cement (OPC) by various mineral additives in the screed mixtures. Ceramic powder, blast furnace slag and fly ash were gradually employed in increments of 12.5 wt.% up to 50 wt.% to replace OPC. The mixtures were designed to a constant consistency. The influence of mineral additives was evaluated in terms of the air content in the fresh mixtures, the compressive strength, the flexural strength and the freeze-thaw resistance and using non-destructive measurements after 28 and 90 days. The accompanied paste samples were analysed using thermogravimetry to monitor the hydration process by means of total bound water content. The decrease in the mechanical properties and the frost resistance of the mixtures with the mineral additives were recorded, because of the necessity for a larger addition of water. According to the valid standards for concrete screed related to the frost resistance, it could be concluded that maximal suitable cement replacement contents are 12.5, 37.5 and 50 wt.% for ceramic powder, fly ash and blast furnace slag, respectively. The freeze-thaw resistance of the studied materials was found to be strongly related to the content of CSH and CAH hydrates.
Introduction
Incorporation of various mineral additives (Supplementary cementing materials, SCMs) into Portland cementbased composites is a generally well known and frequently used approach. These substances are usually employed for partial replacement of Portland clinker in the production of blended cements. The use of mineral additives (or blended binding systems) brings significant ecological and economic benefits [1] [2] [3] .
Fly ash belongs among the most popular mineral additives used in the concrete industry to reduce the heat of hydration or to improve the consistency of fresh concrete. The use of fly ash is also beneficial for the durability and permeability properties; however, replacement exceeding 40 wt.% causes a significant reduction in the service life due to reduction of the Ca(OH) 2 content and thus reduced natural level of protection of steel reinforcement. However, a binding system with high cement replacement by fly ash could be improved by the addition of ground limestone [4] . Studies focused on the freeze-thaw resistance yield a wide range of results, because fly ash has very variable properties and also because a relatively low carbon content results in a significant air-entraining effect resulting in improved freeze-thaw resistance. These aspects complicate definite assessment of the influence of fly ash on this durability property; however, there is, in general, a favorable effect of fly ash on the long-term durability of concrete [5] [6] [7] .
Blast furnace slag (BFS) is a by-product formed during pig iron production. The incorporation of ground blast furnace slag into concrete is very beneficial because of its positive effect on the durability properties [8] . Blast furnace slag could be activated by Ca(OH) 2 in cement or lime-based composites, but any other alkaline substances could be used. BFS belongs among "latent hydraulic materials", because of its CaO content, which allows considerably higher dosing compared with fly ash, silica fume and other pozzolans. BFS has a positive effect on a number of engineering properties, such as bleeding, consistency of the fresh mixture, the heat of hydration and the permeability. The relatively high bulk density of a cement ma-trix modified by slag frequently leads to a decrease in the frost resistance, however, the results of experimental studies are inconsistent [9] [10] [11] . This could be partly a result of the different experimental procedures and also because of the use of modifying agents such as plasticizers, which significantly affect the character of the porous system.
Ceramic powder is a relatively new mineral additive that has been studied in recent years; however its use dates back to ancient times [12, 13] . The current intensive research on this substance is caused by the current lack of traditional additives, such as fly ash and blast furnace slag, or more precisely by the increase in their prices in developed countries. Significant motivation is also stimulated by the increasing amount of brick waste formed during demolition work [14, 15] . In relation to the renovation of historical monuments, ceramic powder has been intensively studied for use in lime-based mortars. An in-depth study was carried out by Navrátilová and Rovnaníková [16] , who studied the pozzolanic reactivity of ceramic powders and subsequently also selected engineering properties of limebased mortars. Previous research was focused on assessment of the influence of the particle size distribution on the reactivity, where was found that particles up to 0.030 mm make a predominant contribution to pozzolanic reaction. The significant effect of the ceramic powder fineness was also pointed out in [16, 17] . Ceramic powder could be successfully employed as a replacement for cement in highperformance concrete (HPC) [18] ; however, the high water absorption of clay brick powder limits its practical application with respect to the final frost resistance.
The frost resistance of concrete is a very important engineering property, which determines the service life of concrete structures. Deterioration of concrete by the action of frost is caused by the expansion of absorbed water when the temperature drops below 0 ∘ C and ice starts to form, which results in an increase in volume by about 9% [5, 6] . Internal stresses cause structural damage and the initiation of cracks, which accelerate the destruction. Air-entraining of the concrete is a commonly used method to improve the frost resistance. The resulting air bubbles form a reserve space where the ice can crystalize freely. However, only pores with a diameter of approximately 300 µm are effective. The recommended level of air-entraining is about 5%, which already causes a reduction in the mechanical properties. It is necessary to compensate this loss by technological steps to retain the required class of the concrete. Deterioration of concrete by frost and surface scaling due to the combined action of frost and de-icing salts must be distinguished. An in-depth review dealing with the aspects of frost resistance was published by Glinicki et al. [19] . In general, the frost resistance is dependent on the actual content of water present in the concrete structure. Consequently, national standard CSN 73 1325 [20] used for indicative assessment of the frost resistance of concrete is based on simple gravimetric measurement of the water absorption after 10 and 1440 minutes, where the limiting values are 2.5 and 6.5%, respectively. The transport properties of concrete essentially depend on the character of the pore system [21, 22] ; this fact also determines the behavior of concrete under action of frost. Absorbed water is fixed in the concrete by capillary forces, which are inversely proportional to the diameter of the capillaries [23, 24] . Expanding ice increases the hydraulic pressure in capillaries and damage could occur [25, 26] . Consequently, a hydraulic pressure model is often used to numerically describe this process [27] [28] [29] [30] . However, the process in question is directly proportional to the rate of temperature decrease [25, 31] . In addition, forming crystals of ice could interact with the walls of the capillary pores. Air-entraining in the concrete provides effective protection because these voids provide space for the nucleation and crystallization of ice [25] , however uniform spatial distribution of the air voids is a crucial aspect [28, 32] . A drawback of the Power's theory is the fact, that the thermal mismatch of individual constituents when the concrete is exposed to low temperatures is not taken into consideration.
In addition to the free water in capillary system, chemically bound water also affects the response of the concrete to freezing. The accompanying shrinkage during freezing also slightly increases the hydraulic pressure, but the deterioration could be substantially intensified during loading cycles. The response of concrete to cyclic freezing-thawing is controlled by a binder system, assuming application of a frost resistant aggregate. Balapour et al. [33] reviewed the effect of nano-silica fume compared with other SCMs on various technological properties. It was found that the freeze-thaw resistance corresponds to the content of insoluble hydrates in the cement paste. These findings were also reached by Behfarnia and Salemi [34] , who described the beneficial impact of amorphous Al 2 O 3 . However, the used binder system also significantly affects the character of the concrete capillary system, which was studied in a previous work [35] . In general, modern concrete mixtures with reduced water to cement ratio exhibit increased frost resistance; nevertheless, this approach tends to increase the autogenous shrinkage, which could cause propagation of surface cracks during hardening in the case of a poor curing regime, resulting in reduction of the durability and especially the frost resistance [36] . The curing of the concrete, especially in the early stages, is a very important factor. Thermal effects of the solid phases and ice, hydraulic pressure and crystallization pressure act synergically synergistically? and thus it is difficult to accurately resolve the individual effects. The present paper deals with screeds, i.e. cementitious composites with fine-grain aggregates, for use as a construction layer exposed to the environment. Thus, the freeze-thaw resistance of the screed is of primary importance. The influence of three SCMs partially replacing Portland cement in screed was tested and analyzed with respect to the chemically bound water content. No other admixtures were used in order to evaluate only the influence of the studied SCMs.
Experimental program
Sets of cement screeds with gradual replacement of Portland cement by various SCM were studied. The screed consisted of pure silica sand of the 0.063-4.0 mm fraction, Portland cement 52.5 R, water, and SCMs -fly ash, blast furnace slag and ceramic powder ( Table 1 ). The chemical composition of the used binding components are shown in Table 2. Constant consistency of the fresh mixture was controlled by adjusting the amount of water. The consistency was adjusted to 135 mm of flow according to the methodology described below.
Fresh screed
Fresh cement screeds were prepared in a horizontal laboratory mixer. The consistency of the fresh mixture was deter- 
Hardened screed
The bulk density, ρv (kg/m 3 ) was determined on the basis of the weight and accurate dimensions of the specimens. The flexural strength, f t (MPa), was measured on prismatic specimens with dimensions of 40×40×160 mm. The test was organized as a three-point test with support span of 100 mm and axial loading. The compressive strength was determined on the fragments remaining after the flexural test on a marked loading area of 40×40 mm. Both tests were conducted using loading machine EU 40.
The frost resistance test of the studied concrete mixtures was performed according to CSN 731322 [39] using the above-described prisms. The frost resistance was expressed in terms of an index based on the performance ratios of both the residual and the original investigated values of the flexural strength. The load cycle began with a four-hour frosting phase at −18 ∘ C, followed by a twohour defrosting period up to 20 ∘ C. Defrosting was accomplished by flooding the climatic chamber with water (20 ∘ C). This standard procedure was also used in [40] .
The ultrasonic pulse method was used to assess the dynamic modulus of elasticity Ecy [GPa], which was monitored predominantly during freeze-thaw cycling. This method was performed according to standard CSN 73 1371 [41] .
Thermogravimetry
A set of 40×40×160 mm paste prisms with the corresponding composition was prepared for each mixture; the pastes were made with the relevant binding components and appropriate w/c. These samples were cured under wet conditions. Thermogravimetry analysis was carried out on approximately 50 mg of the ground powder by monitoring the weight loss in the range 105 -1000 ∘ C after 24 hours, 28
and 90 days. The DTA-TG measurement (Schimadzu DTG-60H) was carried out in an air atmosphere with a heating rate of 10 ∘ C/min. The amount of chemically bound water (H) and calcium hydroxide (CH) were expressed as wt.% of the dry sample, according to Eq. 1 and Eq. 2. The exact boundaries of decomposition were read from the derivative curves (DTG). A similar procedure was used in [42, 43] . The amount of water bound in the CSH and CAH hydrates was calculated as the difference between the total amount of bound water and the water bound in portlandite (Eq. 3). 
Results and Discussion
Sets of cement based screeds with various replacement by SCM were studied in the experimental program. The individual mixtures were designed to constant consistency, which was controlled by addition of water to flow of 135 mm. As documented in Table 1 , mixtures with 25.0 and 37.5% of fly ash required additional amount of water. On the other hand, replacement by blast furnace slag did not require any additional water. When ceramic powder was used, constant water dosage was reached only for the lowest level of replacement. A gradual increase in the amount of ceramic powder in the mixture required the addition of more water. These results correspond to the previous results [44] , related to the above-mentioned greater water adsorption of the ceramic particles. The use of SCMs significantly affected the content of air in the fresh concrete, where the control mixture and the mixture with lowest fly ash content exhibited the highest value of 6.1%, which is clearly visible in Figure 1 . The used mineral additives favourably complemented the mixture grading, leading to better filling of the intergranular space and decreased air content in the fresh mixture. A gradual reduction in the air content with increasing replacement rate can be observed for all the studied mineral additives; however, this decrease was very slight for ceramic powder. The positive effect of the lower dosage of mineral additives is apparent from the bulk density results after 90 days (Figure 2) . These values are also significantly affected by the additional dose of mixing water, what well documents the curve of the blast furnace slag, where it was not necessary to increase the water addition to maintain a constant consistency. As expected, the mixtures with replacement by ceramic powder exhibited, according to expecta- tion, the lowest values; this was coupled with the effect of the increased content of air in the mixture and replacement of cement.
The detailed results for the mechanical properties after freeze-thaw cycling for selected time intervals for the studied mixtures are summarized in Table 3 . There is an obvious rapid variation in the mechanical properties of the control mixture according to the type of cement used. The use of fly ash led to an improvement in the mechanical properties; however, there is a noticeable effect of time; after 28 days of curing, the mixture with 12.5% replacement exhibited similar properties to the reference mixture but, after 90 days, the properties of the mixture with 25% fly ash were already at a similar level to the control mixture; moreover, the mixture with a smaller content of fly ash had better mechanical properties. For the values obtained after 90 days, replacement by 25% fly ash seems to be optimal, because an additional increase in the replacement did not lead to a significant improvement.
The mechanical properties of mixtures with blast furnace slag did not exhibit rapid evolution over time; however, an increase in the flexural strength was recorded. Relatively low values of the compressive strength correspond with the results of non-destructive testing, indicating a larger content of technological pores in the mixture. In general, these results are similar after 28 and 90 days.
The addition of ceramic powder led to a gradual decrease in the mechanical properties, predominantly caused by the increased addition of water. The improvement of mechanical properties in time was, however, infinitesimal; after 90 days, the mixture with 50% replacement exhibited compressive strength of about 50% of value for the control mixture. On the other hand, ceramic powder exhibited similar properties as blast furnace slag.
After 28 and 90 days, the studied mixtures were subjected to freeze-thaw cycling. Detailed results for the mechanical properties are given in Table 3 . The index of frost resistance was monitored on the decay of the flexural strength after 50 cycles; however, the individual results for the compressive strength are very interesting. It is obvious that, during freeze-thaw cycling, an increase in the compressive strength was recorded for blast furnace slag and ceramic powder. This is probably due to the regime of curing under laboratory conditions; however, it is evident that addition of water, even during the freezing test, stimulated hydration of the binding system. These findings confirm the previous results [7, 45, 46] . Nevertheless, for technical practice, the relevant parameters are the residual values of the flexural strength after 90 days; the final relative values are depicted in Figure 3 . There is an evident effect of increased water to cement binder ratio for mixtures with 25 and 37.5% of fly ash. The use of ceramic powder led to a gradual deterioration in the samples. On the basis of the frost resistance, we can observe a significant increase for 12.5% replacement by blast furnace slag and fly ash. This increase formed a reserve for an additional increase in the replacement level, which, for blast furnace slag, contributed to a frost resistance index for 25% replacement nearly equal to that for the control mixture. However, the need for additional mixing water in the mixture with 25% fly ash caused a noticeable increase in the capillary porosity, which negatively affected the final frost resistance. This sudden decrease is clearly visible in Figure 3 . An additional increase in the cement replacement caused a dramatic deterioration, which is clearly apparent in the results for the non-destructive testing in Table 3 . In terms of the durability assessment, ceramic powder is not suitable for this type of application; however, it is necessary to emphasize that the studied binding systems were free of modification agent such as plasticizers.
The progress of hydration over time was monitored by thermogravimetry (Figures 4-9) . It is obvious that the employed blast furnace slag exhibited very low develop- ment of the hydration product compared to the other used mineral additives. All studied SCM are characterized by retarded hydration with increasing cement replacement, which is caused by the decreased content of Portlandite serving as an activator; however, the content of hydration products gradually increases over time.
The most rapid hydration, besides to the control Portland cement paste, was exhibited by those with addition of fly ash. According to the results obtained after 90 days, replacement over 37.5% is inefficient. These results correspond well to the mechanical properties. Pastes with addition of blast furnace slag exhibited relatively retarded evolution of hydration and, after 90 days, even reached the highest content of hydration products of the studied SCMs. These samples also contained the largest amount of bound water, which is often related to reduced freeze-thaw resistance due to high density [43] . This relation was not confirmed for the obtained frost resistance. The results of thermogravimetry for samples with blast furnace slag also confirmed its applicability in larger amount. On the other hand, ceramic powder exhibited the lowest activity of all the studied SCM. Its use is relevant up to 12.5%. Unreacted ceramic powder increases the internal surface area, which contributes to precipitation of cement hydrates; this is obvious from the results after 24 hours. It can be concluded that the physical effect predominates for the ceramic powder.
The relationship between the index of frost resistance and the content of hydrates, or chemically bound water, excluding the water fixed in portlandite (H hyd ), is shown in Figure 10 . The frost resistance is directly proportional to the content of hydrates in the material. This finding corresponds to general knowledge of the densifying effect of hydration and its contribution to the mechanical perfor- mance [6, 33, 47] . Inclusion of the effect of hydrates leads to a better fit with the freeze-thaw resistance in comparison with entirely chemically bound water [43] . However, the dominant factor determining the freeze-thaw resistance of concrete or its gradual deterioration is the character of the pore system. In general, the use of various SCM leads to a reduction in the pore volume, which consequently leads to an increase in the critical temperature. This was described well by Coussy and Monteiro [28] , who estimated the degree of saturation in cement-based composites incorporating silica fume. On the other hand, air-entraining conventionally used to enhance the required frost resistance could rapidly suppress changes in the porous system resulting from the use of SCM, which was clearly described by Peng et al. [48] . Thus, hydraulic pressure is the dominating factor determining the frost resistance of cementbased materials. Comparison of the freeze-thaw resistance and the content of entrained air revealed that the air content is not able to completely explain the obtained results; ceramic powder led to the highest air content among SCM tested, but had a detrimental effect on the frost resistance. It is evident that the action of fly ash and slag cannot be attributed to the action of frost, which is well documented on the increase in the index of frost resistance. The gradual decay in the mechanical performance of mixtures with ceramic powder is caused by the low activity of this additive, confirmed by the values for chemically bounded water. Because of the high internal porosity, the damage of screed incorporating ceramic powder could be compared to that of fine grained soils [24, 49] .
Conclusions
The performed experimental program was focused on the evaluation of cement-based screed with various SCM to find an optimal mixture with respect to the freeze-thaw resistance. The studied sets of samples were subjected to mechanical testing and determination of the frost resistance as an indicator of the durability. The studied mixtures were designed to constant consistency. The program was complemented by thermogravimetric measurement to monitor the process of hydration of the studied blended binder systems. The obtained results can be summarized as follows: I recommend using (1), (a), or (i) in text, to avoid the use of bullet points.
-The use of fly ash is beneficial up to 12.5% by weight; a further increase in the replacement led to the requirement of addition of further water, which significantly reduced the final frost resistance, -Blast furnace slag reacted slowly but noticeably contributed to the long-term durability properties. The verified level of replacement was 25.0%; however, additional curing could improve the final properties, -A higher ratio of chemically bound water in the hydrates improved the resistance to freezing-thawing of studied screeds according to obtained the relationship or observation?, -Ceramic powder is not a suitable mineral additive for cement-based screed without the use of a plasticizer or other modification agent because of need for the addition of water, leading to reduced frost resistance. Its effect in the hydrated paste is predominantly physical -The content of air in fresh concrete does not necessarily improve the frost resistance. This factor is controlled by the character of the porous system and resulting hydraulic pressure during the action of frost.
The obtained results confirmed the potential of mineral additives in cement-based composites and accented the necessity of the assessment of the durability aspects. The studied ceramic powder did not confirm a potential for a practical use; nevertheless this interesting additive should be further studied in combination with other active mineral additives.
